We purified from crude extracts of the hyperthermophilic crenarchaeon Sulfolobus solfataricus a protease that is able to hydrolyse proteins with a pH optimum of 7.5 and a temperature optimum of 70 mC. Assays in the presence of classical protease inhibitors showed that the hydrolytic activity is sensitive to thiolblocking reagents. Fluorescence assays using synthetic peptides demonstrated that the protease has a preference for cleaving glutamic acid residues. The first 12 residues of the protease match the N-terminus residues of a hypothetical protein in the S. solfataricus genome of 95 amino acids in length and calculated molecular mass of 11 072 Da. The whole sequence of the protease
INTRODUCTION
Most of the organisms capable of growth at and above 75 mC (the so-called hyperthermophiles) are prokaryotes which belong to the Archaea domain [1] ; hyperthermophilic species can be found in both Crenarchaeota and Euryarchaeota kingdoms. Cytosolic proteases have a key role in the cell physiology of all organisms by modulating the availability of certain regulatory proteins, preventing the accumulation of abnormal proteins, and contributing to the amino acid pool that enables survival under nutrient-limited growth. Hyperthermophiles display a peculiar intracellular proteolytic machine. Genome sequence analyses have shown that the Clp family of proteases which occur in both bacteria and eukaryotes is absent in all hyperthermophilic archaea, and that no homologue of Lon that is ubiquitous across all three domains of life could be identified in the genome of the hyperthermophilic crenarchaeon Sulfolobus solfataricus ; therefore proteases are believed to be among the genes in hyperthermophilic genomes that are still unassigned in terms of function [2] . Table 1 summarizes the intracellular proteases isolated so far from hyperthermophilic archaea [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] : the organisms are all Euryarchaea, except for Pyrobaculum aerophilum, Aeropyrum pernix and S. solfataricus, which belong to the Crenarchaeota kingdom. Some archaeal proteases are novel proteins. The sequence-related cysteine proteases of Pyrococcus furiosus [8] and Pyrococcus horikoshii [13] , as well as the serine prolyl endopeptidase of P. furiosus [7] , have no sequence similarity to any known protease family ; the Thermococcus litoralis cysteine pyrrolidone carboxyl peptidase has no sequence or structural similarity to other members of the cysteine protease family, but it shows considerable similarities to other hydrolytic enzymes of widely differing substrate specificity and mechanism, Abbreviations used : Ac, acetyl ; AMC, 7-amido-4-methylcoumarin ; CBz, benzyloxycarbonyl ; E-64, trans-epoxysuccinyl-L-leucylamido-(4-guanidino)butane ; Suc, N-succinyl. 1 To whom correspondence should be addressed (e-mail guaglia!unina.it).
is not related to any known protein, but it bears a segment which is highly similar to one containing the active cysteine residue in eukaryotic peptidases known as legumains. This is the first protease isolated from S. solfataricus capable of degrading native proteins effectively. Our results add to the knowledge of the intracellular proteolytic machine in hyperthermophilic microorganisms.
Key words : archaea, hyperthermophile, protease, protein degradation, Sulfolobus.
suggesting that they are the products of divergent evolution from a common ancestor [15] . To increase knowledge of the intracellular protein degradation in hyperthermophilic archaea, we screened crude extracts of S. solfataricus for proteases that degrade proteins. A protease was purified to homogeneity, which has a preference for cleaving at glutamic acid residues and is inhibited by cysteine-blocking reagents. The protein primary structure is not related to that of any known protein, but it bears a segment that is very similar to that containing the active cysteine residue in plant legumains, which belong to the CD clan of cysteine peptidase, together with eukaryotic caspases and separins, and clostripains and gingipains from pathogenic bacteria [21] .
EXPERIMENTAL Materials
Lysozyme from hen's-egg white (183 units\mg), the peptides -Glu-7-amido-4-methylcoumarin (-Glu-AMC), N-succinyl-(Suc-)Ala-Glu-AMC, Suc-Leu-Leu-Val-Tyr-AMC, Suc-AlaAla-Phe-AMC, Suc-Ala-Phe-Lys-AMC and benzyloxycarbonyl-(CBz-)Gly-Gly-Arg-AMC, and the inhibitors were from Sigma. The peptides CBz-Ala-Ala-Asn-AMC and acetyl-(Ac-)Asp-GluVal-Asp-AMC were from Bachem. Bacillus stearothermophilus alcohol dehydrogenase (160 kDa) was purified as described by Guagliardi et al. [22] . The other chemicals were reagentgrade.
Analytical methods
Protein concentration was determined by the assay of Bradford [23] using BSA as the standard. SDS\PAGE analysis [15 % (w\v) acrylamide] was performed as described by Laemmli [24] . N-terminal sequence analysis was performed by automated Edman degradation on an Applied Biosystems Mod.473A Sequencer using the manufacturer's standard programming and chemicals.
Cell growth and purification of the protease
Cells of S. solfataricus strain P2 were grown aerobically at 75 mC in DSM 182 culture medium. Cells of the exponential phase (15 g) were added to 30 g of sand (50-150 mesh) and 30 ml of 50 mM Tris\HCl, pH 7.5, containing 0.2 M NaCl, 5 % (v\v) glycerol, and homogenized in a Homni mixer. The sand was removed by centrifugation at 4000 g for 20 min at 4 mC, and the supernatant resulting from an ultracentrifugation at 160 000 g for 90 min at 4 mC represented the crude extract (800 mg). The crude extract was loaded in separate runs on to a Superose 6 column (2.6 cmi60 cm ; Amersham Biosciences), which was eluted with 10 mM Tris\HCl, pH 7.5, containing 0.1 M NaCl at a flow rate of 1 ml\min ; the active fractions were pooled and concentrated with an Amicon ultrafiltration apparatus equipped with a 500 kDa cut-off membrane (35 mg in 10 ml). The sample was dialysed against 100 vols. of 50 mM sulphuric acid for 3 h at 4 mC, and then ultracentrifuged at 140 000 g for 45 min at 4 mC. The supernatant was then extensively dialysed against 200 vols. of 10 mM Tris\HCl, pH 7.5 (buffer A). The dialysed sample (5 mg) was loaded on to a Mono S column (0.5 cmi5 cm; Amersham Biosciences) that was equilibrated in buffer A and connected to an FPLC system ; the bound proteins were then eluted by a linear 0-0.4 M NaCl gradient in buffer A at a flow rate of 0.5 ml\min in 40 min. The active fraction (0.1 mg) was dialysed against buffer A, and concentrated by a Savant vacuum centrifuge. Freshly prepared protein was used in all the experiments described in this paper.
Protease-activity assays
During the purification of the protein, the samples were assayed as follows : 20 µg of lysozyme was incubated at 60 mC in 10 mM Tris\HCl, pH 7.5, either alone (the control) or in the presence of a 5 µg aliquot of the sample (final volume 0.5 ml) ; after a 30 min incubation, the reactions were stopped in ice and the lytic activity was assayed at room temperature by measuring the absorbance decrease at 350 nm of a 0.1 mg\ml suspension of Escherichia coli cells upon the addition of a 100 µl aliquot withdrawn from each mixture. The lytic activity relative to the control mixture was taken as 100 % ; the samples containing the protease caused a decrease of lytic activity as a consequence of lysozyme degradation.
The hydrolytic activity of pure protease was quantified as follows (standard conditions) : 50 µg of B. stearothermophilus alcohol dehydrogenase was incubated at 70 mC in 10 mM Tris\ HCl, pH 7.5, alone (the control) or in the presence of 0.2 µg of protease (final volume of 200 µl) ; after 15 min incubation, the mixtures were loaded separately on to a Biosep Sec-S4000 column (Phenomenex ; dimensions, 0.78 cmi30 cm ; eluent, 0.1 M sodium phosphate, pH 7.0, containing 0.1 M NaCl ; flow rate, 0.8 ml\min) connected to an HPLC system equipped with an area integrator (monitoring at 280 nm). The rate of protein degradation (mg of protein degraded\min per mg of protease) was obtained by integrating the area under the peak of the protein substrate in the control mixture and determining the decrease of the area in the run relative to the mixture containing the protease. Under the assay conditions, linear rates of protein hydrolysis were recorded for up to 1 h.
The cleavage of synthetic peptides was assayed as follows : the mixture contained 50 µM freshly prepared AMC-derived peptide and 5 µg of pure protease in 20 mM Tris\HCl, pH 7.5 (final volume of 200 µl) ; after 20 min incubation at 50 mC, the reaction was stopped by adding 1 ml of 0.1 M sodium acetate, pH 4.3, and free AMC was detected using an excitation wavelength of 365 nm and by measuring fluorescence emission at 450 nm with a PerkinElmer LS 50B spectrofluorimeter. In rate calculations (nmol of AMC released\min per mg of protease), the amount of spontaneous hydrolysis has been corrected for.
RESULTS AND DISCUSSION

Purification of the protein
The S. solfataricus crude extract, which was prepared in the absence of any protease inhibitor, was fractionated by gelfiltration chromatography on a Superose 6 column ( Figure 1A) . In order to recognize proteases active in degrading proteins at high temperatures, we assessed an assay which uses as substrate hen's egg-white lysozyme, a commercial enzyme that exhibits remarkable thermal stability (see the Experimental section). Briefly, lysozyme solutions were incubated for 30 min at 60 mC in the absence (the control mixture) and in the presence of an aliquot from each column fraction, and the lytic activity was then assayed on aliquots withdrawn from each mixture : the fractions that were able to decrease the lytic activity were considered to be ' active ' (lysozyme retained full activity in the control mixture). Only the fraction that eluted in the void volume of the column was found active. We confirmed that the decrease in lytic activity resulted from the degradation of lysozyme. At the end of the incubation at 60 mC, the control mixture and the mixture containing lysozyme plus an aliquot of the active sample were loaded on to an analytical gel-filtration column that separates lysozyme from the proteins of the active sample that eluted with the void volume of the column [a Waters 300 SW column (0.8 cmi30 cm ; Millipore) equilibrated in 0.1 M sodium phosphate, pH 7.0, was used, containing 0.1 M NaCl at a flow rate of 0.5 ml\min, and connected to an HPLC system ; Figure 1B ]. The amount of lysozyme in the control mixture (run a) was higher than the
Figure 1 Identification of the protease which degrades native proteins in crude extracts of S. solfataricus
(A) The crude extract (50 mg) was loaded on to a Superose 6 column (2.6 cmi60 cm) which was eluted with 10 mM Tris/HCl, pH 7.5, containing 0.1 M NaCl at a flow rate of 1 ml/min, and five fractions were pooled. The fractions (5 µg/each) were tested for the capability to lower the enzyme activity of a lysozyme solution, as described in the Experimental section ; the fraction shaded in the Figure was amount relative to the mixture incubated in the presence of the active sample (run b), which contained trichloroacetic-acidsoluble peptides (results not shown).
The SDS\PAGE analysis of the active sample from the Superose 6 column showed an array of bands ( Figure 1C ). Electron-microscopy analyses excluded the presence of ordered protein complexes in solution, and ethidium bromide staining of agarose gels showed the presence of large DNA fragments in the sample (results not shown). Incubation of the sample in the presence of DNase I and separation on the Superose 6 column resulted in the disappearance of the large peak, with the concomitant occurrence of several peaks in the range 30-300 kDa, which were capable of degrading lysozyme and contained DNA (results not shown). This result suggests the existence of an interaction of the species responsible for the protein degradative activity with the nucleic acid or with DNA-bound proteins.
We were unable to fractionate the proteins by conventional chromatographic techniques even upon exposures of the sample to high-salt concentrations, chaotropic agents or detergents, this demonstrating the strong DNA-protein and protein-protein interactions. We succeeded in purifying the protease as follows.
Figure 2 Fractionation of the acid-soluble sample by cation-exchange chromatography
(A) The active sample after an acid wash (5 mg) was extensively dialysed against 10 mM Tris/HCl, pH 7.5, and loaded on to a Mono S column (0.5 cmi5 cm) equilibrated in 10 mM Tris/HCl, pH 7.5, and connected to an FPLC system ; the proteins bound to the resin were eluted with a linear 0-0.4 M NaCl gradient (shown by the diagonal line in the Figure) , and six fractions were pooled. The fractions (5 µg/each) were tested for the capability to lower the enzyme activity of a lysozyme solution, as described in the Experimental section ; the shaded fraction was found to be active. (B) SDS/PAGE analysis (5 µg/lane) of the active sample from the column (lane 1) ; the migration positions of the protein markers (in kDa) are shown (lane 2). After the electrophoresis, the gel was silver-stained.
The active sample from the Superose 6 column was dialysed for 3 h against 50 mM sulphuric acid, and the acid-insoluble proteins and DNA were removed by centrifugation ; the DNA-free supernatant was found to be active in the assay of lytic activity decrease, and it contained non-interacting proteins, which were fractionated by using Mono S cation-exchange chromatography. The flow-through of the column was found to be inactive, and the bound proteins were eluted by a 0-0.4 M NaCl linear gradient ( Figure 2A) ; the peak which eluted at 0.34 M NaCl was the only one capable of decreasing the lytic activity. The sample showed a single band of approx. 10 kDa on SDS\PAGE analysis ( Figure  2B ) in the absence or presence of reducing agents. The yield from a typical purification procedure was 0.1 mg of pure protease starting from 0.8 g of crude extract ; a 3 h dialysis against 0.2 M sulphuric acid did increase the protein content in the acid-soluble fraction, but it caused irreversible inactivation of the protease activity.
Gel-filtration chromatography on a Biosep Sec-S2000 column (Phenomenex ; 0.78 cmi30 cm) indicated that the protein exists as a monomer ; no higher-molecular-mass forms in solution were observed, thus excluding a propensity of the protease for selfaggregation (results not shown).
Functional studies
The assay on the basis of lytic activity decrease allowed us to identify a protease that degrades proteins in crude extracts of the archaeon. However, this assay is inappropriate for quantifying the protease activity. In order to obtain protein-degradation rates, we measured the amount of protein substrate hydrolysed\ min on the basis of chromatographic separations of the reaction mixtures (see the Experimental section). We chose the thermostable alcohol dehydrogenase from B. stearothermophilus as a substrate to characterize the protease activity.
The activity was determined at different pH values ; higher hydrolysis rates were calculated at pH 7.5 ( Figure 3A) . When the activity was assayed at various temperatures (the thermophilicity of the enzyme), the protease exhibited its maximum hydrolysis rate at 70 mC ( Figure 3B ), which is close to the physiological temperature for the optimal growth of S. solfataricus.
Experiments aimed at investigating the heat resistance of the protease activity (the thermal stability of the enzyme) showed
Figure 3 Activity of the S. solfataricus protease as a function of pH (A) and temperature (B), and effect of temperature on protease stability (C)
The assays were performed under standard conditions (see the Experimental section), except that either (A) the pH (10 mM sodium acetate buffer was used for the experiment at pH 5.5 ; 10 mM Tris/HCl was used for the experiments in the pH range 7-9) or (B) the assay temperature was altered. (C) The activity was assayed following pre-incubation of the protease (0.02 mg/ml) in 10 mM Tris/HCl, pH 7.5, at 60 mC (#), 70 mC ($) or 80 mC ().
that prior heating of the protease solution to 80 mC for 30 min or to 70 mC for 90 min stimulated the hydrolysis rates ( Figure 3C ). The activity stimulation upon pre-heating is a feature of some
Table 2 Effects of different inhibitors on the activity of the S. solfataricus protease
Standard assays were performed as described in the Experimental section in the presence of the compound indicated. The residual activity shown in the Table as ' 100 ' (in the absence of any added compound) represents 0.4 mg of protein degraded/min per mg of protease.
Compound added (concn) Residual activity
None 100 PMSF (3 mM) 84 EDTA (5 mM) 100 Pepstatin A (10 µM) 100 DTNB (5 mM) 51 NEM (5 mM) 5 E-64 (10 µM) 100 Table 3 Cleavage specificity of the S. solfataricus protease
The assays were performed as described in the Experimental section. The rate of hydrolysis is shown as nmol of AMC released/min per mg of protease. enzymes from thermophilic sources, and is believed to reflect the activation of the low-activity status adopted by these catalysts at moderate temperatures. We performed protein degradation assays in the presence of classical inhibitors of proteases ( Table 2 ). The serine-proteasespecific reagent, PMSF, slightly lowered the activity, whereas EDTA and the inhibitor of aspartic proteases, pepstatin A, had no effect. The presence in the reaction mixture of 5,5h-dithiobis-(2-nitrobenzoic acid) (' DTNB '), a reversible thiol-blocking reagent, reduced the proteolytic activity by approx. 50 %, whereas the irreversible thiol-blocking reagent, N-ethylmaleimide (' NEM ') almost completely suppressed the activity. This behaviour suggested the involvement of cysteine residue(s) in the hydrolytic reaction. However, the enzyme proved resistant to inhibition by trans-epoxysuccinyl--leucylamido-(4-guanidino)-butane (E-64), an irreversible inhibitor of the papain family of cysteine proteases. The presence of ATP or other nucleotides in the reaction mixtures had no effect on the velocity of hydrolysis (results not shown).
The cleavage specificity of the protease was investigated by fluorescence assays with AMC-derived peptides, which were performed at 50 mC because of the instability of the peptides at higher temperatures. The assays demonstrated that the protease had a preference for cleaving after glutamic acid residues ; it was capable of cleaving after tyrosine and phenylalanine residues (chymotrypsin-like activity), after lysine and arginine residues (trypsin-like activity), and after asparagine and aspartic acid residues, albeit to a much lower extent (Table 3) . We obtained evidence to show that the protease degrades relatively large proteins (50 and 200 kDa) to yield small ( 500 Da) peptides, this reflecting the cleavage of a protein molecule at different residues that may be accessible to proteolytic attack.
Amino acid sequence
A pure protease solution underwent N-terminal microsequencing, and 12 residues were identified : AKKRSKLEIIQA. This sequence matches residues 2-13 (the initiation methionine residue is missing) of a hypothetical protein in the S. solfataricus genome [25] of 95 amino acids in length and with a calculated molecular mass of 11 072 Da and pI of 10.52 ( Figure 4A ). The basic character of the protein matches its solubility in acid, and its strong binding to the cation-exchange column, which was developed at pH 7.5.
The whole sequence does not reveal similarity to any other protein in data banks ; the residues from 8 to 29 share 66 % identity with the residues from 10 to 30 of a hypothetical 109-amino-acid protein present in the Sulfolobus tokodaii genome [26] . The residues from positions 15 to 23, LEACKSGSP (including the only cysteine residue), are almost identical with the sequence segments that contain the catalytic cysteine residue in eukaryotic proteases that are known as legumains ( Figure 4B ). Legumains are a family of cysteine endopeptidases, members of which have been found in plants, blood flukes, mammalian lysosomes and the nematode Caenorhabditis elegans. Legumains, eukaryotic caspases and separins, and clostripains and gingipains from pathogenic bacteria, are members of the CD clan of cysteine peptidases, which have specific protein substrates in the cell [21] . It is noteworthy that the S. solfataricus protease shares with the members of this clan an insensitivity to inhibition mediated by E-64, which inactivates other families of cysteine peptidases.
In all peptidases of the CD clan, a block of four predominantly hydrophobic residues precedes the segments containing the catalytic cysteine [21] ; in S. solfataricus protease, the segment LEACKSGSP is preceded by the hydrophobic residues KLEIIQA (from residue positions 7 to 13), which are similar to the residues that immediately precede the catalytic cysteine in human caspases ( Figure 4C) . Moreover, the cysteine residue present in the S. solfataricus protease and the catalytic cysteine residue in human caspases are followed by the basic residues of lysine and arginine respectively. The S. solfataricus protease shares the post-glutamyl-peptide-hydrolysing activity with caspases ; in this respect, legumains cleave after asparagine residues, clostripain, gingipain R and separin cleave after arginine or lysine residues [21] , and human legumain cleaves after aspartate residues [27] .
One important difference between the archaeal protease and the cysteine peptidases of the CD clan must be emphasized. The activities of almost all CD clan enzymes depend on catalytic dyads of cysteine and histidine : strikingly, the S. solfataricus protease lacks histidine residues.
The involvement in i o of the S. solfataricus protease described here is under investigation. It is noteworthy that, on occasion, the protease co-elutes from Mono S column together with a 14 kDa protein and a 7 kDa protein, which may be among its natural substrates (A. Guagliardi, unpublished work). Microsequence analyses identified the 14 kDa protein as a transcriptional regulator (SSO0048), and the 7 kDa protein as Sso7d, which is known to affect DNA topology [28, 29] and to have a role as a chaperone in rescuing inactive protein assemblies [30] . Specific proteins which control DNA-related events (including transcriptional regulators) are among the physiological substrates of the proteases Lon and Clp in bacteria and eukarya. legumain ; Q95M12, bovine (Bos taurus) legumain ; Q9JLN3, rat (Rattus norvegicus) legumain ; Q99538, human (Homo sapiens) legumain ; Q9U589, C. elegans legumain ; P49046, jack bean (Canavalia ensiformis) legumain ; P49045, soy bean (Canavalia ensiformis) legumain ; P49042, castor bean (Canavalia ensiformis) legumain ; Q9XGB9, Vicia narbonensis legumain ; O24325, Phaseolus vulgaris legumain ; O24326, Phaseolus vulgaris legumain ; Q9FER6, Zea mays legumain ; Q9XG75, Nicotiana tabacum legumain ; Q9XG76, Nicotiana tabacum legumain ; P49047, Arabidopsis thaliana legumain ; P49044, Vicia sativa legumain. (C) Alignment of the residues from 7 to 23 of S. solfataricus protease with the sequence segments containing the catalytic cysteine residue of human caspases. The accession numbers of the sequences are : P42574, caspase 3 ; P55210, caspase 7 ; P55212, caspase 6 ; and P29466, caspase 1. The amino acids were aligned manually : residues were considered to be similar if they were hydrophobic and non-polar (A, V, I, L, P, M, F and W), polar and non-charged (G, S, T, C, Y, N and Q), basic (H, R and K) or acidic (E and D) (amino acid residues are shown using the single-letter code). Residues identical with the archaeal protease are indicated in bold type.
In addition to the role in controlling cellular events by the selective removal of key proteins and enzymes, Lon and Clp are responsible for the non-specific elimination of abnormal proteins generated by environmental injuries (e.g. those resulting from heat shock and exposures to toxic compounds), and their cellular levels are increased by various stresses [31] . The fact that the S. solfataricus protease is not overexpressed in heat-shocked cells of the archaeon [32] does not rule out a priori its involvement in a pathway of removal of damaged proteins.
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